Abstract The ''Outwelling Theory'' states that salt marshes play a major role in exporting production to adjacent estuarine and coastal ecosystems. However, it has been found that some marshes act as net importers instead of net exporters of organic matter and nutrients. Once we include mangroves and refine the analysis to comprehend bacterioplankton, organic and stable isotope tracers, the picture became, more complex, making room for a revival of the outwelling idea. The exchanges between the Castro Marim salt marsh and the main estuary were tentatively established determining periodically, in a selected cross-section, the concentrations of TSS, FSS, VSS, NH 4 , NO 2 , NO 3 , N Kjeldhal , SiO 4 , PO 4 , TDP, Chlorophyll a and Pheopigments, measuring their fluxes along tidal cycles and computing the corresponding budgets. Apparently, the sedimentary behaviour of the marsh will be close to equilibrium during the period of study. However, it will import mainly inert matter and export mainly organic matter in the same period. Moreover, extrapolating these results to the entire Guadiana salt marshes, the exchanges of sediment do not seem to be significant. Particularly, the marshes will not trap a significantly amount sediment transported by the main river (0.5%). It also seems to follow, that in a general way, the Guadiana salt marshes might have a more significant role than was anticipated in the system economy of OM and nutrients and their outwelling to coastal waters, assuring outputs that could amount to something like 6% of the river load of N, 1.2% of the river load of P, and 20-57% of the river load of TOC, for an average year, and 42% of the river load of N and 35% of the river load of P in a dry year. These findings suggest that a more detailed investigation, over an extended period of time, is certainly worthwhile.
Introduction
The idea that salt marshes play a determinant role in terms of productivity in estuarine and associated coastal ecosystems, was initially formalized as the ''Theory or Hypothesis of Outwelling'' (Odum & de la Cruz, 1963 , 1967 Schelske & Odum, 1961; Teal, 1962) . It states that marshes produce more than they are able to immediately consume, thus exporting organic matter to adjacent estuarine and coastal waters.
In its earlier versions, it also established a link to the idea of the dominance of the detritus food-web in estuaries, as a result of the relatively low levels of herbivoria combined with the high levels of production of the angiosperm compartment (Odum, 1980; Odum & de la Cruz, 1967) .
Nutrients were then added to the concept of outwelling (Day et al., 1973; Gosselink et al., 1974; Nixon, 1980; Settlemyre & Gardner, 1977; Valiela & Teal, 1979) .
Later, this point of view became controversial, as it has been found that some marshes act as net importers instead of net exporters of organic matter and nutrients (Dankers et al., 1984; Vegter, 1975; Wolff, 1977) and comprehensive reviews were unable to establish such hypothesis as a general rule (Nixon, 1980; Odum, 1980) . The question however, is of the utmost importance for the management of these sensitive systems and consequently became one of the most disputed areas in Ecology in the last decades.
Recently, studies conducted in mangroves and analysis including bacterioplankton (Cunha et al., 2003) , and organic and stable isotope tracers ) support the idea that salt marshes play a dominant role in outwelling.
Traditionally, nutrient limitation of phytoplankton production is discussed in terms of the Redfield ratios, assuming that the optimum proportion of the main nutrients C:N:P to stimulate phytoplankton growth is 106:16:1, corresponding to the average composition of algal protoplasm, i.e.:
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The situation is more complex, however, and beyond the classical macronutrients N and P, a number of metallic elements such as Fe, Mn, Zn, have been shown to be potentially limiting (Brand et al., 1983; Coale et al., 1996; Lane & Morel, 2000) .
In fact, according to Stumm & Morgan (1996) , the Redfield formula shall be extended to a set of oligoelements essential to phytoplankton primary production according to the stoichiometric relation: in which the ratios a, b, c, etc., shall be deduced from their oceanic profiles. Fe in particular, is essential to the acquisition of N, the synthesis of Chlorophyll a, the cycling of oxygen and sulphate reduction (Hutchins & Bruland, 1995) . The set of nutrients to be included in any discussion on the outwelling/inwelling role of salt marshes should therefore be extended, as much as possible, to those micronutrients. The aim of this work is to give a preliminary contribution to the discussion of the eventual role of the salt marsh formations of the Guadiana estuary in terms of outwelling and their relative importance when compared to the river discharge.
Materials and methods
The terms of exchange between the salt marsh and the main estuary of the properties in question, may be obtained by measuring their fluxes in selected sections of the drainage system of the marsh and computing the corresponding budgets, according to current methodologies.
For comparison purposes the inputs of OM, SS and nutrients of the Guadiana River into the estuary were also computed on the basis of the available evidence.
Selecting the study site and schedule Following a detailed analysis of the available information (floristic, topographic, hydrologic, ecological, pollution and conservation history) on the Castro Marim Nature Reserve, a crosssection (A) was selected, that seemed adequate to the study goals. Its location, intersecting the creek, is depicted in Fig. 1 . This section confines a sub-watershed of about 20 ha, of which 40% comprises traditional marine salt exploitation, 40% are constituted by marsh formations and 20% by walking and headwater areas with an unidentified use. This is not far from the general picture of the entire marsh (Fig. 1) .
A limited number of tidal cycles--as representative as possible, within a context of logistic limitations, of the annual evolution of the terms of exchange of the marsh was surveyed. In fact, taking into account the seasonal periods considered for the hydrologic regime of the main river (Loureiro et al., 1986) , four seasonal periods were considered: two transitional periods, one in spring (April and May, 118 tidal cycles) and one in autumn (October and November, 118 tidal cycles); one period of dry weather (June, July, August and September, 234 tidal cycles); and one wet weather period (December, January, February and March, 236 tidal cycles). The extrapolated annual budgets were weighed taking into account the number of tidal cycles per period.
Levelling of the cross-section and computation of wetted areas The evolution of the bottom of the channel along the selected cross-section was carefully monitored with a normalized bar: the elevation of the bottom, at low tide, was measured relatively to the permanent level of the bridge, at 0.5 m intervals, always following an identical protocol. Having the accurate form of the cross section for each survey, it was then possible to compute relatively accurate wetted cross-section areas for each level of inundation, A(i).
Current velocity and discharge
Current velocity was measured, in the majority of surveys, from the bridge over the creek channel Collection and processing of samples
The sampling scheme of Dankers et al. (1984) was modified by introducing a PVC suction tube to supply the pump, with 25 mm of o.d. and 4 mm holes. This tube has a flexible arm anchored to the talweg of the creek, and the other end fixed to a float, so that the sucked samples are as representative as possible of the water column, for each level of inundation ( Fig. 2 ) (Bettencourt et al., 1994) . The samples were collected on a hourly basis, along a complete tidal cycle (<13 h), since it has been shown that the increase in precision gained by more frequent sampling does not compensates for the extra effort in the laboratory, and also that for most of the time the semi-diurnal tidal asymmetry in southern Portuguese estuaries is not significant (Almeida, 2001) .
The water was pumped into the mouth of a jerry-can through a zooplankton net of mesh size 250 lm, in order to collect macrodetritus. It was then separated into sub-samples for the determination of the different parameters (1 l for SS, 1 l for Chlorophyll a and Pheopigments, 500 ml for nutrients in general, 250 ml for N Kj and 250 ml for total Fe) and preserved by adequate methods (Pedro & Bebianno, 2002) . The subsamples for Chlorophyll a and Pheopigments were protected from light with aluminium foil. Filtration was performed upon arrival in the laboratory.
Laboratory analyses
The water samples were analysed for Total Suspended Solids (TSS), Fixed Suspended Solids (FSS), Volatile Suspended Solids (VSS), Ammonia (NH 4 ), Nitrite (NO 2 ), Nitrate (NO 3 ), Kjeldahl Nitrogen (Nkj), Reactive Silicate (SiO 4 ), Orthophosphate (PO 4 ), Total Phosphorous (P total ), Chlorophyll a and Pheopigments, and, in the September survey, also for trace Fe. The methods used were the current analytical methods adopted at the Laboratory of Analytical Chemistry of I-TUCCA, University of Algarve (Pedro & Bebianno, 2002) .
Data treatment

Current velocity
The current velocity in open channel flow averaged over a vertical profile is typically of the order of 1/1.15 of the maximum velocity at the surface (Trihey & Wegner, 1983) . Conversely, it was verified in the detailed survey of March 2003 that the mean velocity over the selected cross-section is 0.69 ± 0.10 times the maximum velocity at the surface along the tidal cycle. Therefore, for each level of inundation, the mean velocity over the cross-section of the creek, may be roughly estimated by:
where V maxsurf , maximum velocity at the surface; V "
A , mean velocity of the cross-section. The error associated with this simplification appeared to be acceptable, given the fact that the error associated with the estimation of average velocity in the transverse direction is assumed to be of at least 2.7% for four compartments, and of 12.6% for only one compartment (Boon, 1978) . Moreover, other sources of error might affect this type of budget (Bettencourt et al., 1994; Kjerfve et al., 1981; Volaver & Spurrier, 1988) .
Any systematic error will affect the flood and the ebb estimations and all surveys in the same way, thus not influencing significantly the sense of the general balance. The discharge may therefore be estimated with an acceptable error, for each level of inundation (y) by:
where S y, area of the cross-section; Q y, discharge; V maxsurf , maximum velocity at the surface.
Rate discharge curve
The instantaneous level of water (H i ), the instantaneous maximum velocities (V i ) and the profile of the cross-section were measured in each survey, and when combined, allow for the computation of the wetted section area (A i ) and of the instantaneous flow (Q i ) for each moment of sampling:
The rate discharge curve is thereby obtained at cross-section A. When one integrates this curve between two successive measurements, hourly flows are obtained, as presented in Fig. 3 .
Computation of fluxes
Combining the concentrations measured with the corresponding flows, an estimation of instantaneous, hourly and total fluxes is obtained for each of the different parameters considered. Since each hourly flow is the result of the integration of two successive instantaneous measurements, the associated concentration is the average of the measured concentrations corresponding to those flow measurements:
of parameter X at A (between i and i + 1) Therefore, considering T i = temporal instant of sampling; C i = instantaneous concentration at instant T i ; V i = mean velocity in the cross-section at instant T i ; A i = wetted area of the cross-section at instant T i .
It follows that: Instantaneous flow: Q i = V i · A i ; Flow between instant T i-1 and instant T i : Q( n ) = (Q i +-Q i-1 )/2 · DT, being DT, in the present case, 3600 s; Average concentration between T i-1 and T i : C( n ) = (C i +C i-1 )/2; Flux between T i-1 and T i : Extrapolation to annual budgets
The information available is not enough to proceed to seasonal statistical adjustments as proposed by Dame et al. (1986) . However in terms of exchange of nutrients, the seasonal variations, in other salt marshes in the south of the country, have shown to be significant and therefore cannot be entirely ignored. Thus when extrapolating to annual budgets, the periods indicated were taken into account, assuming, in a preliminary rough approach, that the budgets obtained in the field are representative of the winter, spring, summer and autumn seasonal periods considered. In order to estimate the annual budget, for N Kj --because only the autumn and summer surveys were available--it was assumed that the summer survey was representative of the rest of the year, which, though being a rough approximation, is not entirely unreasonable, as is argued in the discussion ahead.
Extrapolation to the entire salt marshes area of the Guadiana
Assuming that the total area of salt marsh formations, including the Spanish shore, is about 4000 ha (the Castro Marim marsh itself has 2089 ha), it is possible to extrapolate, from the results obtained from the area, upstream of section A to the entire Guadiana salt marsh formations.
Fluvial inputs of TSS, BOD 5, N, P and Fe
The fluvial inputs of TSS, BOD 5 , N and P during a dry, average and wet year and of Fe during an average year, were computed by the Intervals of Flow Method (Baker & Kramer, 1973) from data provided by the SNIRH system (Bettencourt & Ramos, 2003) , at the entrance of the estuary (Pulo do Lobo or Rocha da Galé ).
Results
Fluvial inputs
The fluvial inputs of TSS, BOD 5 , N and P during dry, average and wet years and of total Fe in an average year are presented in Table 1 .
Evolution of the cross-section of the creek A combination of the bottom profiles obtained for the cross section A during the period of study is depicted in Fig. 4 .
Fluxes and budgets
The budgets obtained for the parameters considered in the performed surveys in section A are compiled in Table 2 . The values for N-NH 4 , N-NO 2 and N-NO 3 are aggregated as DIN, DON is computed as N Kj -N-NH 4 , and DIN + DON aggregated as TDN.
Tentative seasonal and annual budgets
With the recognized limitations, the tentative seasonal and annual weighed budgets for the parameters considered are presented in Table 3 .
Discussion
It is well known that this type of approach may be hindered by a number of errors in the computation of the discharge, sampling and analytical determinations (Boon, 1978) . It has been shown, for instance, that the error induced by using direct integration methods, instead of hydrodynamic modelling, could reach between 38% and 47% (Bettencourt et al., 1994) . The surveys were also all performed during daylight which is known to introduce asymmetry of material fluxes of DIN between day and night ; but the most important limitation is certainly the fact that a large number of surveys, or continuous (Table 4) known to have a definite influence in the final budgets. It is particularly the case of the autumn survey that occurred under strong storm conditions, strong winds and precipitation. Its negative balance of water can be attributed to those exceptional circumstances.
The values indicated in Table 3 cannot be taken as more than suggestions of rather general trends that might constitute a basic framework for further research that may confirm or invalidate them. However due to the consistency with which they have been observed elsewhere or their originality, some of these results seem to deserve a deeper comment in the context of what is presumed to be known about these matters.
Deposition/erosion and transport of suspended solids
The annual budget suggested for TSS is +5,978 kg. For a drainage surface of about 200,000 m 2 , this is equivalent to 0.003 g cm -2 or, assuming a sediment density in situ of 1.4 g cm -3 , to a rate of sedimentation of 0.002 cm year -1 . This suggests a situation not far from equilibrium with moderate accretion, which is consistent with the observed evolution of the cross-section of the creek (Fig. 4 ). An interesting aspect of these tentative balances is that this apparent annual equilibrium (only +5,978 kg TSS year -1 ), seems to result from the import of inert matter (extrapolated to +52,993 kg FSS year -1 ) and from the export of organic matter apparently stocked mostly during the summer (extrapolated to -46,951 kg VSS year -1 ), particularly observed during the autumn survey (extrapolated to -77,531 kg year -1 ) (the trend is the same in Tables 2 and 3 that is equivalent to an export of 29,345 kg POCyear -1 . This is consistent with the high rate of primary production and with the high rates of decay of the produced organic matter observed in the same marsh plot (Calado et al., 2004; Neves et al., 2004) .
Moreover, assuming that the annual budget of DON is somewhat acceptable and adopting an DOC:DON ratio of 106/16, which is close to what is observed in the particulate phase (Falcã o & Martins, 2001) , and in between the ratios given by CEDEX (1998) for freshwater (8.7-18.1) and salt water (2.25), it results in an export of 17,816 kg DOC year -1 or a total export of about 47,161 kg TOC year -1 , from the studied marsh plot.
Extrapolating the annual budget obtained for FSS to the entire marsh results in an import of 10,599 ton FSS .year -1 , which represents only 2% of the TSS mean annual load of the main river (0.5 · 10 6 ton year -1 ). However, the extrapolation of TOC suggests that the entire marsh may export 9,432 ton TOC year -1 . As the mean annual dissolved BOD 5 load of the river was estimated in between 9,814 ton -BOD 5 year -1 (Table 1) and 20,346 ton BOD 5 -year -1 (Aires & Borges, 1999) , if the formula of Ford (1968) is adopted (CBO 5 /TOC (DOC) = 1.85) it may be roughly assumed that it shall vary between 5,300 and 11,000 ton DOCyear -1 . Moreover the organic carbon content of suspended sediment in the inflowing river water is reported to vary between 7.32-11.75% in May (Falcã o & Martins, 2001 ) and 0.2-2.2% in October (CEDEX, 1998) . Considering that variation and the mean TSS load (Table 1) , the POC river Fig. 4 Evolution of the cross-section of the creek input will vary between 1,000 and 58,750 tonyear -1 , with a more likely range of 11,000-36,600 ton POC year -1 . The total organic load transported by the river may therefore be expected to be roughly of the order of 16,300-47,000 ton TOC year -1 , on average. The extrapolated export of TOC for the entire Guadiana salt marsh system thereby results in the order of 20-57% of the affluent load of the river, in an average year.
Somewhat surprisingly, this seems to be consistent with recent detailed observations that compare the marsh and the main river outwellings at other latitudes ).
Pigments
On an annual basis, the marsh seems to gain, Chlorophyll a (7.7 kg) and loose Pheopigments (5.6 kg). This seems to indicate an import of Phytoplankton from the central body of the estuary in spring and summer, typical of the estuaries of temperate Europe (Lefeuvre & Dame, 1994) , and an export of its decaying materials during the rest of the year. Tables 2 and 3 suggest that the marsh exports NH 4 in winter and summer, and imports this nutrient in spring and autumn, the annual budget being close to equilibrium. This seems reasonable as the export of NH 4 from salt marshes in the summer has been correlated with the decay of OM and the ammonification of NO 3 in their sediments (Almeida, 2001; Boorman et al., 1994; Kaspar, 1983) and its export in winter has been attributed to the processes of senescence and leaching of plant material (Almeida, 2001; Valiela & Teal, 1979) . The equilibrium, on an annual basis, corresponds to what has been observed in the Mira estuary as well (Almeida, 2001) .
Nutrients
On the other hand, the tables suggest that NO 3 is imported in spring and summer--particularly in the spring--and exits the marsh during storms, apparently in correlation with runoff and drainage of the precipitation. NO 2 is exported from the marsh in all surveys except during the spring.
On the whole the results suggest that all the different forms of Dissolved Inorganic Nitrogen (DIN) are imported only in spring, some being exported in the other seasons, which in the present approach, leads to a negative annual balance. However, it is presumed that salt marshes tend to be net importers of NO 3 and NO 2 due to assimilation by primary producers, ammonification of NO 3 and denitrification (Bettencourt et al., 1994; Heinle & Flemer, 1976; Valiela & Teal; 1979; ). In the Mira estuary, DIN presents a clear net import behaviour along a set of 29 tidal cycles (Almeida, 2001) .
The situation for Dissolved Organic Nitrogen (DON) is even more uncertain, as results are available for only two surveys. In the autumn a substantial export was registered (24.35 kg), and in the summer, a slight import (0.51 kg). However, the relative equilibrium (or even import surplus) in the terms of exchange between marshes and estuaries of DON, corresponds currently to situations of null hydrologic budget. The export of DON is frequently associated with strong discharges in the winter (Boorman et al., 1994; , as it seems to be the case. Significant import should take place in the summer (Childers & Day, 1990) , which is not supported by the present data.
Particulate N not having been determined, it is not possible to present a complete budget for N. It seems unlikely that PON will be imported, on an annual basis, from the marsh plot, because POC seems to be exported.
The annual balance that follows from the available data and the present approach is an export of 2,986 kg TDN year -1 in section A, which, extrapolated to the entire salt marshes, gives about 600 ton N year -1 . Despite the recognized limitations, this result seems to deserve some attention, since it represents about 6% of the total annual N load of the main river during an average year (10,000 ton), and 42% of the N input of the river during a dry year (1435 ton). The extreme irregularity of the hydrologic regime of the river and the fact that N is currently considered the main limiting factor of primary production in coastal waters, add to the relevance Hydrobiologia (2007) Tables 2 and 3 , SiO 2 and PO 4 are both imported only in the spring and exported in the other surveys/seasons. SiO 2 , however, seems to be less sensitive to the autumn storms. Its annual balance appeared as negative, mainly as a result of the summer export, which could result from the decay of skeletons of Diatomacea, imported during the spring bloom.
On the other hand, PO 4 presents an almost balanced budget in the summer survey and seems to be considerably affected by the autumn storms. Total Dissolved Phosphorous (TDP), constituted in more than 90% by P-PO 4 , appears to present the same behaviour.
Particulate P not having been determined, it is not possible to present a complete budget for P. However it seems reasonable to assume that, in this case, P part should be imported, as it is certainly strongly associated with silt and clay (FSS) that are apparently imported on an annual basis in the studied marsh plot. Furthermore, the possible export of P from the marsh will be dependent on its dissolved form.
Considering only dissolved P-PO 4 and extrapolating the annual budget estimated for the marsh plot to the entire marsh system, it results in -23.06 ton P-PO 4 year -1 . Again, despite the recognized limitations, this result seems to deserve some attention as it represents 1.2% of the mean total P river input into the estuary (1,870 ton), but about 35% of the total P river input into the estuary during a dry year (66 ton).
Finally, for total dissolved Fe, the budget is negative with an export of 7.75 kg, which, in the present case, may be mainly a result of the negative water budget obtained for that survey (Table 3) . However, it is interesting to verify that the mean annual input into the estuary computed for Fe is of the same order of magnitude of the mean annual input of P (Table 1) , though a period prior to the start up of the main works of the Alqueva Dam was chosen for both computations.
The relevance of extreme events
The importance of extreme events, like floods and storms, in determining the terms of exchange between marshes and estuaries, has been recurrently emphasized in the literature, (Armstrong & Hinson, 1978; Bettencourt et al., 1994; Hackney & Bishop, 1981; Inczle & Roman, 1983; ) .
Present findings seem to go in the same direction. In fact the situation that results from the observed evolution of the cross-section of the creek, would not be near equilibrium without the dominance of the autumn survey, which presents a negative budget for the transport of all solids (FSS, VSS and TSS) (erosion), in opposition to the positive terms of exchange obtained, for the same parameters, during the other periods monitored, which indicates accretion, in general.
Also the negative annual balance obtained for DIN, in opposition to the general conviction that salt marshes tend to be net importers of NO 3 and NO 2 , may be explained by the fact that as surveys have been carried out during storms (infrequent but determinant factors in the general balance of nutrients) a distortion is introduced in their annual budgets that is not compensated for by the limited number of surveys carried out during the rest of the year.
PO 4 and TDP budgets also seem to be considerable affected by the autumn storm, as referred.
Conclusions
Apparently, the sedimentary behaviour of the marsh is close to equilibrium in the period of study. However, it will import mainly inert matter and export mainly organic matter. Moreover, extrapolating these results to the entire Guadiana salt marshes, the exchanges of sediment do not seem to be significant. In particular, they do not significantly trap sediment transported by the main river (2%).
Drawing from this preliminary analysis it seems to follow also, that the Guadiana salt marshes might play a more significant role than anticipated. The system budget of OM and nutrients, and their outwelling to coastal waters, assures outputs that could amount to 6% of the mean river load of N, 1.2% of the mean river load of P, 20-57% of the mean river load of TOC, and in a dry year, up to 43% of the river load of N and up to 35% of the river load of P.
Due to the importance of this issue in terms of management of an estuary dominated by an extremely irregular river, an investigation covering an extended period of time and using a refined set of parameters is certainly worthwhile.
